The signal structure of the responses to equiluminant chromatic and achromatic (contrast) stimuli was studied in normal volunteers and patients with mild to moderate idiopathic Parkinson's disease. Visual stimuli were full-field (14 Â 16 deg) achromatic or equiluminant (red-green or blue-yellow) sinusoidal gratings at 2 c/deg and 90% contrast presented in onset-offset mode. The signal was processed offline by DFT and factor analysis was performed in the frequency domain. The conventional VEPs to chromatic onset stimuli showed a monophasic negative wave, while the response to offset stimuli was comparable in shape to the on-/offset achromatic responses; latencies were longer and amplitudes higher than those of responses to contrast stimulation. In patients, latencies were longer than in controls after achromatic and (to a lesser extent) red-green stimulations, but not after blue-yellow stimulation; amplitudes were comparable in all stimulus conditions. In healthy subjects, two non-overlapping factors accounted for the $2-30.0 Hz and $25.0-50.0 Hz signal components (representative of the low-frequency VEP and gamma oscillatory responses, respectively); the frequency of the $25.0-50.0 Hz factor was lower after color than after contrast stimulation. The same factor structure was identified in patients, but the peak frequency of the factor on gamma activity was higher than in controls and did not vary with color-opponent stimulation. These observations indicate that stimulus-related gamma activity originates in cortex irrespective of the activated (magno-, parvo-, or konio-cellular) visual pathway, consistent with the suggested role in the phase coding of neuronal activities. Some dopaminergic modulation of gamma activity is conceivable.
Introduction
The spiking rate and membrane potential of neurons in multilayer structures such as the neocortex spontaneously oscillate at $20.0-80.0 Hz ('gamma' band) due to the cell membrane properties (Amitai, 1994; Llinás, 1988; Silva, Amitai, & Connors, 1991; Traub, Jefferys, & Whittington, 1999) . In multi-unit recordings from the visual cortex of the awake cat and monkey, these oscillations are enhanced by suitable sensory stimulation; the response is mediated by the inhibitory interneuron networks interacting with pyramidal cells (Brosch, Bauer, & Eckhorn, 1997; Eckhorn, Frien, Bauer, Woelbern, & Kehr, 1993; Eckhorn et al., 1988; Engel, König, Gray, & Singer, 1990; Engel, König, & Singer, 1991; Engel, König, Kreiter, Schillen, & Singer, 1992a , 1992b Gray & McCormick, 1996; Gray & Singer, 1989; Gray & Viana di Prisco, 1997) . Models and extensive experimental work indicate a role in the stimulusrelated spatiotemporal synchronization of segregated cells selectively responding to the stimulus physical properties, with implications in higher brain function as well as in low-level processes such as phase coding (Bressler, 1990; Bringuier, Fregnac, Baranyi, Debanne, & Shulz, 1997; Canolty et al., 2006; Engel et al., 1992b; Fries, Schroder, Roelfsema, Singer, & Engel, 2002; Gray, 1999; Jefferys, Traub, & Whittington, 1996; Sannita, 2000; Singer, 1993; Singer & Gray, 1995; Traub et al., 1999) broad-band cortical responses to transient (reversal or onset/offset) contrast stimulation (VEP) and from the cat pattern-reversal VEPs. In man, this gamma mass response is almost entirely phase-locked to stimulus and has shorter latency than the VEP low-frequency components (Bodis-Wollner, Davis, Tzelepi, & Bezerianos, 2001; De Carli et al., 2001; Hall et al., 2005; Sannita, 2000 Sannita, , 2005 Sannita, Conforto, Lopez, & Narici, 1999; Sannita, Lopez, Piras, & Di Bon, 1995; Sannita et al., 2001; Tzelepi, Bezerianos, & Bodis-Wollner, 2000) . The cortical source equivalents of gamma response shared the macro-topography, but had different orientation than those of the VEP low-frequency components in a neuromagnetic study on humans (Narici, Carozzo, Lopez, Ogliastro, & Sannita, 2003) . Oscillatory gamma responses were observed in the absence of recognizable VEP in a significant percentage of patients with retinal diseases or brain damage involving the visual system (Sannita, Carozzo, Fioretto, Garbarino, & Martinoli, 2007; Sannita et al., 1995) . Recording instead of VEPs, phase-locking to stimulus and the factor structure suggest an origin of the gamma response partly independent from the mechanisms generating the VEP low-frequency components (Carozzo et al., 2004; Sannita et al., 1999) .
The similarities with the gamma oscillations in animal multiunit recordings notwithstanding, the mechanisms generating gamma mass responses in man remain in part undocumented. Differences in the gamma responses to achromatic and color stimuli could indicate distinct contributions from the parvo-and magnocellular pathways, but the issue has not been investigated. Although incomplete, the anatomical and functional separation of these pathways would provide a practicable experimental condition. In man, the VEP responses to chromatic stimuli differ in waveform and latencies from those to achromatic (contrast) stimuli and are differently affected by diseases impairing vision. In healthy subjects, the VEP to onset-offset equiluminant red-green (R-G) and blue-yellow (B-Y) gratings are dominated by a major negative component at stimulus onset and a positive wave at stimulus offset; latencies increase and amplitude decreases with decreasing contrast. B-Y VEPs usually have smaller amplitude except at low spatial frequencies, longer latencies and higher contrast threshold than R-G VEPs (Buttner et al., 1996; Crognale, 2002; Heywood, Nicholas, & Cowey, 1996; Johnsen, Frederiksen, & Larsson, 1995; Korth, Nguyen, Junemann, Martus, & Jonas, 1994; Kulikowski, Robson, & McKeefry, 1996; McKeefry, Russell, Murray, & Kulikowski, 1996; Murray, Parry, Carden, & Kulikowski, 1987; Porciatti, Di Bartolo, Nardi, & Fiorentini, 1997; Porciatti & Fanti, 1999; Porciatti & Sartucci, 1996; Porciatti & Sartucci, 1999; Rabin, Switkes, Crognale, Schneck, & Adams, 1994; Regan & He, 1996; Spinelli, Angelelli, De Luca, & Burr, 1996; Tobimatsu & Kato, 1998; Tobimatsu, Tomoda, & Kato, 1995 , 1996 . Purposes of this study were to characterize by factor analysis and compare the gamma-band oscillatory responses to chromatic and achromatic (contrast) stimuli in healthy subjects and to infer the effects of impaired dopaminergic modulation in patients with idiopathic Parkinson's disease never treated with LDopa.
Methods

Subjects
Twelve healthy subjects (six females; mean age: 46.8 ± 12.9 yrs.; range: 27-66 yrs.) with no evidence or history of ocular, neurological or systemic diseases served as controls. In all cases, visual acuity was better than 18/20 with correction for the appropriate viewing distance and color vision (Ishihara's test) was normal. The standard electroretinogram and VEP (Deuschl & Eisen, 1999; Marmor & Zrenner, 1998 were within normal limits for the laboratory standards. Pupillary and slit lamp examination, intraocular pressure and optic disk morphology were normal.
Twelve patients (six females; mean age: 60.1 ± 8.3 yrs.; range: 46-74 yrs.) with mild to moderate idiopathic Parkinson's disease (IPD) according to the criteria of United Kingdom Brain Bank (Gelb, Oliver, & Gilman, 1999; Gibb & Lees, 1988#267) were recruited from the Neurology Unit of the Department of Neuroscience, University of Pisa. The disease had been diagnosed 26.4 ± 7.5 mo. before admission to the study; all patients had been previously treated with amantadine or amantidine/selegiline, but had never received L-Dopa therapy. Disease severity at the Unified Parkinson's Disease Rating Scale (UPDRS) Sub. II and Sub. III was 7.3 ± 2.3 and 12.4 ± 3.4, respectively (Fahn, Elton, & Committee a.M.o.t.U.D., 1987) ; rating at the Hoehn-Yahr scale (HY) (Hoehn & Yahr, 1967 ) was 1.2 ± 0.2. CT and MRI scans (with contrast media) and the acute challenge test with levodopa were performed in each patient immediately before inclusion in the study; the blink-reflex habituation was also tested (Matsumoto et al., 1992) . All patients underwent ophthalmologic examination, including visual acuity, pupil diameter and shape, fundus oculi, intrinsic and extrinsic ocular motility, Goldman kinetic perimetry or Humphrey static perimetry (program 30-2). The clinical evidence or history of concomitant systemic, neurological, ophthalmologic, or psychiatric diseases, visual acuity <0.8 (18/20) Snellen fraction, abnormal color discrimination (Ishihara's test), and the evidence of cognitive disorders were criteria for exclusion.
The study protocol had been approved by the local ethic committee and an informed consent was obtained from each patient or healthy subject after the study purpose and procedures had been explained in detail. The ethical principles of the Declaration of Helsinki (1964) by the World Medical Association concerning human experimentation were followed.
Visual stimuli
Achromatic (luminance-contrast) stimuli were equiluminant horizontal sinusoidal gratings with spatial frequency of 2 c/deg modulated in luminance. Chromatic modulation was performed along the L-M (red-green) and S-(L + M) (blue-yellow) cardinal axes of color vision (Krauskopf, Williams, & Heeley, 1982) , in order to selectively influence the activity of the corresponding opponent mechanism or L-, M-and S cone classes. Patterns composed of colors modulated along an LM axis preferentially activate the L and M cones in opposition and thus the red/green color-opponent cells of the parvocellular pathway. The S axis preferentially modulates the S cones and thus the S-(L + M) color pathway. Modulation along the luminance axis modulates all three cones simultaneously and thus preferentially modulates the achromatic/luminance pathways (Crognale, 2002; Porciatti & Sartucci, 1999; Rabin et al., 1994) . R-G chromatic gratings were obtained by superimposing red-black to green-black luminance gratings out of phase by 180°; blue-yellow chromatic gratings were obtained by superimposing blue-black to yellow-black luminance gratings. The Michelson contrast of chromatic and achromatic gratings was 90%. Gratings were generated by a standard VSG/2 graphic card (Cambridge Research, UK) and displayed on a color monitor (Barco CCID 7751, Kortrijk, Belgium) at a frame rate of 120 Hz, 512 lines per frame, 14 bits per color per pixel, suitably linearized by gamma correction (Minolta Chromameter CS100, Japan). Custom software was used to generate stimuli, establish the psychophysical equiluminant point, and record and analyze responses (Porciatti & Sartucci, 1999) . R-G gratings were viewed through yellow filters (Kodak Wratten 16) both during the recording session and the psychophysical flicker photometry, in order to attenuate wavelengths <500 nm and thus minimize absorption of shorter wavelengths by the eye lens (Fiorentini, Porciatti, Morrone, & Burr, 1996) . CIE coordinates for hue were measured by using the Color Cal colorimeter provided by the Cambridge Research System producing the board we employed to produce the stimuli (www crsltd.com) and further evaluated by a Minolta Chromatometer CS 100. Measurements were not taken at maximum voltage of the respective guns, but at the voltage value necessary to get isoluminant the chromatic contrast of the two hues of the grating; R-G CIE were: x = 0.637, y = 0.362 (red) and x = 0.416, y = 0.582 (green); mean luminance: 14 cd/m 2 . B-Y CIE were: x = 0.075, y = 0.377 (blue) and x = 0.377, y = 0.348 (yellow), mean luminance 6 cd/m 2 (Porciatti & Sartucci, 1999) . The look-up tables of the software used for linearization of voltage/luminance characteristics of the display (gamma correction) were calibrated by photometer. The chromatic stimuli equiluminance point was defined for each subject and eye by means of a variant of heterochromatic flicker photometry, i.e. by determining psychophysically the minimum visibility of R-G and B-Y gratings sinusoidally reversed at 15 and 10 Hz, respectively. Subjects adjusted the relative luminance of the opponent colors (red to total luminance: R/[R+G] and blue to total luminance: B/(B+[R+G]) (r or b ratios) to nil or to minimize the perception of flicker (Mullen, 1985; see Porciatti & Sartucci, 1999, for detail) . Color ratios yielding equiluminance were used to set the stimulus chromatic values consistent with evidence that the psychophysical and electrophysiological equiluminant points coincide (Fiorentini et al., 1996; Morrone, Porciatti, Fiorentini, & Burr, 1994; Murray et al., 1987; Porciatti & Sartucci, 1999) . In all subjects, the equiluminant point was found for both R-G and B-Y at r and b values close to 0.5 (Vk equiluminant point: see Fiorentini et al., 1996 , for detail) therefore indicating that color discrimination was normal in all subjects. The visible screen was 26 Â 24 cm, subtending 14 Â 16 deg when viewed from 100 cm. The stimulus was consistent with the specific macular pigment distribution around the fovea and adequate in size to stimulate the foveal and parafoveal retina, as observed when testing isoluminance in previous studies (Porciatti & Sartucci, 1996 . Mean luminance was 17 cd m À2 , with estimated 330 Troland at the retinal level when viewed trough natural pupils (diameter $5 mm in all subjects). The isoluminance point in IPD patients (mean value ± SEM: R-G = 0.469 ± 0.06; B-Y = 0.474 ± 0.07) did not differ from age-matched controls (R-G = 0.498 ± 0.058; B-Y = 0.501 ± 0.065). There was no overall luminance change throughout the full range of the R-G and B-Y ratios and there was no mean hue or luminance changes between the onset and offset of the chromatic stimuli; calibration has proved stable during the annual follow-up. Methods are described in detail elsewhere (Porciatti & Sartucci, 1999) .
Electrophysiological recordings
Achromatic and equiluminant R-G and B-Y stimuli were presented for 300 ms (onset) and removed (contrast set to zero) for 700 ms (offset). VEP were recorded using Ag/AgCl dermal electrodes (9 mm in diameter) positioned 2 cm above the inion (active) and at the right mastoid (reference); the ground electrode was at Cz. Signals amplification was 50,000; bandpass filtering was at 0.3-100 Hz (6 dB octave À1 ); signal sampling was at 1024 Hz with 12 bit resolution. Signals were averaged online by means of custom software in Labview language (Version 5.0, National Instruments, Austin, TX). Sweeps containing signals higher than 80 lV were automatically rejected to minimize contamination by eye blinking, ocular movement, or excessive noise from other sources. For each stimulus condition, the average response of each patient/control was computed in the time domain on signal epochs free of artifacts. The gamma oscillatory response was separated from the low-frequency VEP components by filtering the raw signal (Butterworth 2nd order filters) and recalculating the average in the time domain with $20.0-48 Hz bandpass. Methods are described in detail elsewhere (Porciatti & Sartucci, 1999; Sannita et al., 1995) . Latencies and amplitudes of the negative main wave of the VEPs to onset color stimuli were compared to the positive wave of VEPs to achromatic stimuli for descriptive purposes, without inference as to physiological meanings, sources or mechanisms of generation. The responses to color-opponent stimuli were compared to those to contrast by paired t-test; patients and controls were compared by t-test.
Factor analysis
The existence of gamma-band components in the responses to achromatic or color-opponent stimuli was investigated by factor analysis in the frequency domain. After DFT processing, a factor analysis was performed by means of a SAS software package (Sas Institute Inc. Sas/Stat TM , 1988) on the amplitudes of the original signal frequency components in the 0-80.0 Hz interval, with 2.2 Hz resolution (35 variables); data were normalized to a variance equal to 1 for each variable irrespective of its absolute value. Factors were identified by principal component analysis (PCA) and rotated by the orthogonal varimax method to optimize the separation between factors Carozzo et al., 2004; Kaiser, 1960; Kubicki, Herrmann, Laudahn Mitarbeit, Irrgang, & Miethke, 1980; Mulaik, 1972) . Only the factors explaining a portion of variance greater than the mean variance of the original variables entered in the analysis (Eigenvalues greater than 1.0) were accepted (Kaiser, 1960) . This methodological approach proved successful in the characterization of the retinal oscillatory responses to luminance stimuli and cortical gamma responses to contrast, with distinct factors accounting for the gamma oscillations and the VEP low-frequency components Carozzo et al., 2004) .
Results
VEPs and gamma-band oscillatory response
Replicable onset-offset VEPs to achromatic and color-opponent stimuli were recorded from all patients and healthy controls under the experimental conditions of the study. Conventional waves N70, P100 and N145 were identified in all controls' responses to onset or offset achromatic stimuli, with latencies and amplitudes within the laboratory range of normality. In both patients and controls, the VEP responses to R-G and B-Y onset stimuli were characterized by a monophasic negative wave with no unquestionable preceding positive wave and therefore appeared ''inverted" in polarity with respect to the achromatic response as previously described (Porciatti & Sartucci, 1999) ; the offset responses to achromatic and R-G and B-Y stimuli were comparable in shape, with a main positive wave preceded by a lower-amplitude, inconstant negative component (Fig. 1) . The main waves of the onset (negative) and offset (positive) responses to color stimuli had higher amplitudes and latencies significantly longer than the P100 waves to achromatic stimulation in controls ( Fig. 1; Table 1 ). In IPD patients, the amplitudes of both R-G and B-Y responses were higher and the latencies of the offset (but not those of the onset) responses to color stimuli were longer than those to achromatic stimuli. Both the onset/offset responses to achromatic and R-G (but not B-Y) stimuli had longer latencies than in controls, without significant differences in amplitude ( Fig. 1; Table 1 ).
Band-pass filtering of the broad-band recordings with cutoff at 20.0 Hz allowed in all subjects a proper separation from the lowfrequency VEP components of an oscillatory response to achromatic stimulation, in which several consecutive positive/negative waves could be identified (Fig. 2) ; latencies and amplitude values were consistent with previous normative studies (Sannita et al., 1995 (Sannita et al., , 1999 . Oscillatory responses to R-G and B-Y stimulations were identified without substantial differences in polarity or amplitude from those to achromatic stimulation.
Signal factor organization
Four factors meeting the requirement of an explained variance larger than the mean variance of the original data variables (eigenvalues >1.0) described in the frequency domain the response signal organization with adequate separation between adjacent factors. Following achromatic stimulation of healthy controls, two factors (Factor 3 and Factor 2, explaining 4.9% and 9.1% of the overall variance accounted for by the factor structure) clustered the frequency components in the $2-25.0 Hz and $25.0-50.0 Hz intervals representative of the low-frequency VEPs and oscillatory gamma response, respectively. The signal high frequency components in the above $40.0 Hz range were represented by a single factor (Factor 1), which reflected noise(s) and accounted for as much as 47.2% of variance because of the large number of its frequency components, although the variance of each frequency component in this range was as small as $1.78% ( Fig. 2; Table 2 ). Other factors expressed <1.0% of the signal overall variance and were associated with weaker and heterogeneous components in the higher frequency range. This factor organization replicates previous studies on healthy subjects (Carozzo et al., 2004) . The factor structure of R-G and B-Y responses replicated one individual factor in the gamma range (Factor 2, with larger frequency interval and lower peak frequency than after achromatic stimulation) and two factors (instead of the one Factor 3 and hereafter referred to as 3a and 3b) that described the signal frequency organization below $25.0-30.0 Hz. The percentages of variance explained by Factor 2 ($25.0-50.0 Hz) after achromatic, R-G or B-Y stimuli were comparable; the variance explained by the combination of Factors 3a and 3b was greater than after achromatic stimulation (Figs. 3  and 4) .
The signal factor structures of the IPD patients' responses were qualitatively comparable to that of controls, with the exceptions of Fig. 1 . Grand averages across subject/patients of the VEP responses to achromatic and equiluminant color (red/green and blue/yellow) stimulations of healthy subjects (n = 12; in black) and patients with idiopathic Parkinson's disease never treated with L-Dopa (n = 12; in red). Superimposed Individual response in insets. Note that the onset response to color-opponent stimuli is predominantly negative whereas the offset response is dominated by the positive wave comparable to the P100 of achromatic responses. The timing of onset and offset stimuli is indicated. Right eye stimulation.
the Factor 4 now explaining a limited amount of variance (3.2%) at intermediate frequencies between Factor 2 and Factor 3 after achromatic stimulation and the single Factor 3 after B-Y stimulation. Irrespective of the stimulus condition (achromatic or color-opponent), the frequency interval of the gamma-band response Factor 2 was larger and its peak frequency higher than in controls, without the reduced peak frequency after color-opponent stimulations observed in controls. The percentages of explained variance were higher than in controls (achromatic: 50.26%; R-G: 16.20%; B-Y: 16.69. Factor 1 expressed a lower percentage of noise(s) than in controls ( Fig. 3; Tables 1 and 2 ).
Discussion
Comparable oscillatory gamma-band ($25.0-50.0 Hz) components were identified in the healthy subjects' responses to achromatic and color-opponent (Green/Red and Blue/yellow) stimulations, in contrast with the differences observed between the conventional low-frequency VEP responses to the same classes of stimuli. The observation adds to the evidence suggesting partly distinct origins of the gamma-band and low-frequency VEP response components (Narici et al., 2003; Sannita, 2000; Sannita, 2005; Sannita et al., 1999 Sannita et al., , 2007 , and indicates mechanisms of generation of the gamma response common to the subsystems that process contrast and colors. A functional role of gamma activity(ies) in processes such as the phase coding and bottom-up synchronization of neuronal activation, seems plausible (Adjamian et al., 2004; Bressler 1990; Bringuier et al., 1997; Cardin, Palmer, & Contreras, 2005; Engel et al., 1992a Engel et al., , 1992b Fries et al., 2002; Gray, 1999; Hall et al., 2005; Jefferys et al., 1996; Liang, Bressler, Buffalo, Desimone, & Fries, 2005; Rodriguez, Kallenbach, Singer, & Munk, 2004; Sannita, 2000; Singer, 1993) . In primates, the achromatic stream originates from large (parasol) ganglion cells project- Table 1 Mean VEPs latencies and amplitudes across subjects and SD. The main negative component of the response to onset color-opponent stimuli and the main positive wave of the responses to onset achromatic stimuli and the offset achromatic and color-opponent stimuli are compared for descriptive purposes, without implied inference of comparable sources or mechanisms of generation. Statistical comparison by t-test between achromatic and color-opponents stimulus conditions and between controls and patients with idiopathic Parkinson's disease in each stimulus condition. ing to magno-cellular layers of the LGN. The red-green (R-G) pathway is believed to originate from the midget ganglion cells and relay to the LGN parvocellular laminae, while the blue-yellow (B-Y) pathway stems from larger, bistratified ganglion cells (with dendrite connection in both ON-and OFF laminae of the inner plexiform layer) and project to the LGN inter-laminar konio-cellular neurons (Calkins, Tsukamoto, & Sterling, 1998; Casagrande, 1999; Dacey, 1996; Dacey & Lee, 1994; Derrington, Krauskopf, & Lennie, 1984; Engel, Zhang, & Wandell, 1997; Lennie, Krauskopf, & Sclar, 1990; Livingstone & Hubel, 1988; Martin, White, Goodchild, Wilder, & Sefton, 1997; Merigan & Maunsell, 1993; Shapley, 1990; Zrenner et al., 1990) . However, these pathways and their final cortical projections are segregated only in part, with final convergence between parallel channels at V 1 and beyond (Ferrera, Nealey, & Maunsell, 1992; Merigan & Maunsell, 1993; Vidyasagar, Kulikowski, Lipnicki, & Dreher, 2002; Yabuta & Callaway, 1998; Yoshioka, Levitt, & Lund, 1994) . On the other hand, extra-striate areas modulating the visual responses in V 1 and V 2 also mediate in the stimulus-dependent gamma range synchronization (Lakatos, Karmos, Mehta, Ulbert, & Schroeder, 2008; Lakatos, Shah, Knuth, Ulbert, & Karmos, 2005; Saalmann, Pigarev, & Vidyasagar, 2007) . Selective bottom-up or top-down regulation of the pathways underlying contrast and color information and their (partial) anatomic-functional separation may both account for the observed larger frequency range and lower peak frequency of the color-opponent response Factor 2 representative of the gamma-band component. Dopamine impoverishment does not appear to interfere with the generation of gamma oscillations substantially, at least in patients with mild to moderate dopamine deficiency. Although in part speculative in the absence of direct demonstration in animal experiments, some dopaminergic modulation appears nevertheless conceivable. Dopaminergic neurons of the retina (mostly amacrine cells) regulate the activity of retinal OFF-center pathways and the relative contributions of the rod and cone systems to the response, therefore allowing adaptation across a wide range of functional conditions (Bodis-Wollner, 1990; Bodis-Wollner & Tzelepi, 1998; Maguire & Hamasaki, 1994) . In this study, the effects of dopamine impoverishment on conventional, broad-band VEPs appear stronger on the responses to achromatic (contrast) stimuli than on those to color-opponent stimulation. The konio-cellular pathway appeared unaffected by IPD, in contrast with its reported higher sensitivity or peculiar vulnerability to dopaminergic unbalance in Parkinson's disease, but in agreement with the predominant effect of dopamine on center/surround inhibition -the impairment of which would become primarily apparent when stimulation activate blue cones that are sparsely distributed (Birch, Kolle, Kunkel, Paulus, & Upadhyay, 1998; Bodis-Wollner, 1990; Bodis-Wollner & Tzelepi, 1998; Haug, Kolle, Trenkwalder, Oertel, & Paulus, 1995; Regan, Freudenthaler, Kolle, Mollon, & Paulus, 1998; Sartucci & Porciatti, 2006; Sartucci et al., 2003 . The increased oscillatory frequency and higher percentage of signal variance explained by the factor representative of gamma activity observed in IPD patients is in agreement with the increased firing rate of neurons in the basal ganglia and changes in their patterns of synchronization of discharges that are suggested as the main alterations in Parkinson's disease (Brown et al., 2002) . Dopamine is known to modulate the high frequency ($100-130 Hz) retinal oscillatory response to luminance stimulation (Sannita, 2005; Wachtmeister, 1998) ; local field potential oscillations in the upper gamma frequency band (40-80 Hz) have been recorded from the subthalamic nucleus both in healthy rats and in IPD patients treated with levodopa (Brown, 2003; Brown et al., 2002) . The frequency of the oscillatory response reflects basic mechanisms of neuronal function and network collective behaviors (e.g. phase coding, synchronization) mediated by dopamine. However, the frequency of the interneuron gamma activity initiated by carbachol in the hippocampus area CA3 of rats was unaffected by dopamine in spite of the reversible decrement of the integrated power ($62%) (Weiss, Veh, & Heinemann, 2003) . Dopamine-mediated modulation of the visual responses originating in V 1 and V 2 by non-primarily visual cortical/subcortical structures is conceivable; interaction among neurotransmitters modulating retinal and cortical function (notably, acetylcholine, dopamine and GABA) also needs to be taken into account (Nobili and Sannita, 1997; Sannita, 2006; Wachtmeister, 1998) . A simple excitation/inhibition model would otherwise appear inadequate to explain the action of dopamine on the frequency of stimulus-related oscillations (Shi, Pun, & Zhou, 2004) , especially when considering the selective dopamine contribution to visual processing in the retina and its regulatory effects on the onset/offset responses in the cortex (Bandini, Pierantozzi, & Bodis-Wollner, 2001; BodisWollner, 1990; Maguire & Hamasaki, 1994; Rajkai et al., 2008) .
Stimulus condition
The occurrence of stimulus-dependent gamma activity after contrast and chromatic stimulation both in IPD patients and controls validates to some extent the observed signal organization (Carozzo et al., 2004) . However, the differences between achromatic and color-opponent stimulations and between healthy subjects and IPD patients observed in this study need further research based on the physiological variability of the response factors with respect to the physical properties of stimulus (e.g. luminance, contrast, size, duration of the onset-offset time windows, contrast, spatial frequency, stimulation rate), their cortical source equivalents, the effects of adaptation, etc. (Maguire & Hamasaki, 1994; Regan, 1989; Regan & He, 1996; ) . The effects of non-dopaminergic therapy on the gamma-band oscillations also need investigation and a follow-up study on the effects of long-term treatment with L-Dopa is advisable.
